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Sequenced Piilse Width Modulation Method and AT3paratus for Copt rolliiig and 
Powering a Plurality of Eftre ct Current Motors 

Technical Field 

5 

[ 1.] The in-vention relates to the Md of control of direct ciurentn^^ andnaore 
particular^ to a method of using sequential pulse width modulation for controlling 
and powering a plurality of direct current motors. 

10 Background 

[ 2.] This invention relates generally to power and control systems for Direct Current 
[DC] motors. More spedficaDy this invention relates to systems for individually 
powering and controlling a plurality of DC motors in both forward and reverse 
15 directions and through a continuum of speeds. 

[3.] Direct Current motors have performed as the motive force in a variety of 
applications including locomotives, ships, trucks, vans, automobiles, firm equq)ment, 
forldifts, elevators, cranes, lawn mowOT and trimmers, as well as leisure craft and 
20 vrfiicles, such as boats and golf carts. In select ^plications, such as locomotives, 
multiple direct current motors are used 

[ 4.] It is known in the prior art to control the speed of a direct current scries motor by 
using a chopper circuit including a thyristor switch device in series with the motor. 

25 This is a more efficient form of control than using resistance control systems. The 
control of the speed of the motor is achieved by varying the width of voltage pulses 
suppKed to the motor so that the resulting average power supplied to the motor 
establishes the operational speed of the motor. A thyristor is a type of diode with a 
controlling gate that allows current to pass through it when the gate is triggered. The 

30 thyristor is comrautated by the current ^pKed to it in the reverse direction. The 
thyristor thus effectively acts like a diode in that it only permits conduction in one 
direction, however, the point at which it starts conduction can be controlled by 
application of a control pulse to the gate. The dhopper circuit thus controls the speed 
of the motor by switching the input voltage on and off depending on what output 
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voltage is required^ the loBger the chopper is switched on. the higher the output 
voltage. Hie time that the chopper is switched on for is known as the on-time, while 
the ratio of on to off time is the marie to space ratio or chopper ratio. 

[ 5 ] Amnnber of direct current motors are typically used to power alocomotive. for 
example, usually 4 or 6 DC motors are used, but sometimes 2 or 8. In the past, a 
single chopper has been used to control the speed of the DC motors. This has a 
number of disadvantages. For example, if one of the wheels is slipping, the chopper 
reduces power to all of the motors whidi risks further exacerbation of the problem. 

[ 6.] There is a need for a more effective power control system, one that allows each 
motor amongst aplurahty of DCn^tors to be controlled individually and separately. 
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gntYimaTV n f Tnvaitioa 

[ 7 ] The present inventionprovides a method of controlling power provided from a 
power source to apfaiaKly of direct current traction motors coniprising providmg an 
individual choppercircuitforeachtractionmotor. According to one aspect of the 
i^n there is provided a method of controlling power provided from a dnrect 
current power source to apluraUty of direct cmrent traction motors compnsmg: a) 
determining the power requirement for each motor at each of a number of successive 
time intervals; b) determining the necessary effective voltage and pulse . widlh to 
adrieve the desired power for each motor, c) sequentially pulsing power to each motor 
foraduiationnecessaryto achieve the power requirement at each time intervaL 

[ 8 ] Hie present invention further provides an apparatus for controlling power 
providedfromadirect current power source toaptoality of direct current tract^^^ 

motors con5,rising: a) means for detemrining the power requirement for each motor 
at eadi of a nunJ^er of successive time intervals; b) means for determimng the 
necessary voltage and pulse width to achieve the desiredpower for eachmotor. and 
c)means for sequemiallypulsingpowerto each motor for a duration necessary to 
adiieve said power requirement at each time intervaL 
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Brief Desmptioii of Drawings 

[ 9.] Figure 1 is a block diagram illustrating an electrical control system for 
5 individually controlling a plurality of direct current motors according to the iaventioa 

[ 10.] Figure 2 is a chart demonstrating an ilhistrative exan?)le of developing 
sequential pulse width modulation. 

10 [11.] Figure 3 is a grq>h illustrating a S2aoap\G of the desired power ^plication curves 
to be achieved by pulse width modulation. 

Description 

15 [ 12.] Throu^out the following descr^tion, specific details are set forth in order to 
provide a more thorough understanding of the invention. However, the invention may 
be practiced without these particulars. In other instances, well-known elements have 
not been shown nor described in detail to avoid unnecessarily obscuring the 
invention. Accordingly, the specification and drawings axe to be regarded in an 

20 ilhistrative, rather than a restrictive, sense. 

[13.] With reference to Figure 1, a locomotive drive system conpises a DC power 
source 10 such as a battery and a plurality of DC motors 12, typically 4 or 6 in 
number. An inpyjt device 14 provides throtde input information by means of which 
25 the operator selects the desired speed or power requirement. The opwator also 
receives feedback information from the controller 16. 

[ 14.] A Programmable Logic Controller [PLC] 16 receives the information firomthe 
input device 14 and sends the information to the power control system [Chopper 
30 Circuit 1 8 in the power control system], which subsequently individually controls a 
plurality of DC motors 12. 
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Thft Drive Svstam 

[ 15.] DC power soiirce 10 can be abattery, a fiielcdl, an external source sudi as a 
catenaiyor'tbirdrafl'.ortheoiitputofanengnie^veageiierator. Forpuiposesof 
5 i]lustration,acormimtoconiotiveconfigurationof4rever«^^^ 

shown. These motors are typically c^k of ecjmvalent speeds in dlher direction. 



Thft Tri put Devices 



10 



[16.] The throtde input infonnatioa is provided by an input device 1 4 that the 

10 comotive operator uses to request the anH>unt of povrer to be ^Hed to the rails via 

themotoi.12. Thisis typically a throtUenotci between idle and eig^^ 

also could be an electronic device, such as an infinitely variable control or a touch 
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25 



screen. 



[17.]Apower8omce voltage sensing device 20, isprovided to measure the voltage 
ofihe power source 10. This is an dectronic device such as a voltage transducer. A 
current sensing device 20, is providedto measuielhe amount of current flowing from 
the power source 10. ihis would be an electronic device, such as a current 
20 transducer. Furtherindivid«dfflDtorcom«rtsensingdevices22enablet^^ 

current flowing to each DC motor 12 to be measured, allowiugthe information to be 
s^liedtothePLCie. These would tyirically be electronic devices such as current 

transducers. 



[ i8.]To prevent damage associated with excess current toagi^tractionmotor and 

its associated power electronic devices, the current sensing devices are also used to 
detecttheamountofcurrentintheindividualtractionmotorcircdts. Whenthe 
currentbeing monitored exceeds aprotection limit, asignal instantaneously m^^^ 
the current flowing from Ihc battery Ihus limiting the current and minimizing the risk 
30 of damage associated with excess curraJl 

[ 19.] Atenyeraturemeasuremmt device 24 measures the temperature ofvarious 
power control elements, DC motors, and the like, and sends the infdnnation to the 
PLC 16. Axle altemators 26 are electronic devices enable of measuring the 
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revohitions of the asde on which they are installed This information is seat to the 
PLC 16 to detraobe speed or detect situations that require attention and correction, 
such as wheel slip. 



5 The Logic Device 



[ 20.] The PLC 1 6 is programmed according to usual methods to carry out the 
followiog functions. ITie PLC processes throttle iaput requests, power source 
voltage, and determines current control points to satisfy individual traction motor 

10 power requirements. It also connprises a Derate Evaluation Logic function 28, 
namely logic to reduce the power demand below that requested by the operator for 
protection of equipment. This could include reducing power in case equipmmt is at 
risk of overheating or cmrents climb close to eqjiqment design limits. It con:5>rises a 
Detection Scaling function 30, namely Logic for detemaining non-optimal 

15 perfoniiance, such as wheel sl^. Power reduction to individual motors is put in place 
in the case of differential wheel sGp and overall power is reduced in the case of 
synchronous wheel slip. 

[ 2L] A Ranopiug fimction 32 is provided, namely logic to ramp requested throttle 
20 level at a rate that is reasonable for the tocomotive. A Power Dispatch Logic function 
34 is also provided, namety central logic that evaluates any pertinent derate 
conditions, any wheel slip, as well as the requested throttle level, to detemnne the 
appropriate power level to be sent to the Pulse ^dth Modulation module 36 as well 
as ai^ individual power reductions that may be necessary. 

25 

The Power Control System / Chopper Circuit 

[ 22.] The Choppo: Circuit 18 con^dses the following elements. A clock 38 
conpises an integrated circuit that generates a series of pulses. A sequencer 40 is an 
30 integrated circuit that sequences the pulses into uniform periods for purposes of the 
pulse width regions for each motor. A pulse width modulation [PWM] module 36 
provides ^clipped' triangular waveforms that result in the creation of a series of 
pulses, which is used essentially to toggle the power switch devices on and off 
according to the pulses. The drive svTitches 42 are Insulated Gate B5)olar Transistors 
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pGBTs] that are switching devices that are capaWe of sequeatiaBy 'pubing' the 
powersourcetothedifferentniDtoisatawfestrate. A latching circuit (not 

shovm). can also be provided that is set so that after the power switching transistor 
pGBT]hasfailedtoMysaturate,itwittinterTuptthedrivetothetransistor. This 
5 foicesthetransistoroffandprevent8lhetransistorfo)moperatingintoashortci^^ 

[23aFigure2inustrateshowlhedrivesvntches42distrib«tethepowe^ Bar 
AinFigm-es2Aand2B graphically represents the power pulse provided to DC motor 
12, BarBinFigure2Aand2Bgraphicallyrepresents1hepowerpu]seprovidedto 
10 DCniotorl2,.BarCinFigure2AillHStratesthepowerpulseprovidedtoDC^^^ 
123. BarDin Figure 2Aand2Bi]lastrates1hepawerpulse provided to DCmotor 12,. 
The hdght of the bar indicates the instantaneous current provided to the motor. In 
Figure 2A, which iltostrates a sample of a starting condition, each motor receives 
power during 1/16 of the cycle. The selection of 1/16 of the cycle is illushrative only. 
15 TteactualpulseduratbnwouUbedeterminedbythelBngthoftimeiequiredtofe^ 
current instantaneously to eaAmotor, which depends i^nmlhe difference in voltage 
between the power source voltage and the average diopper oulput voltage, which is 
Ihe back generatedEledio-MotivreForce [BMP] oftheiDDtor. Bachsegment 
sequence is % of the do(^ frequency, wtech can be tailored for a ghren apphca^^^ 
20 Theheightoffliebarindicateslheinstantaneouscurrentprovidedtothemotor. 
Figure2BillustratesaconditionwherBfhewheel driven bymotorl23iss%pi^^ In 
this instance, each motor 12„ 12, and 12, recaves power during one quarter of the 
cycle while motor 12, lecdves no power. The bar height is reduced, showing Ihe 
tostantaneous current is reduced since the EMF voltage has increased, thus lowering 
25 thevoltagedifiFerence,potential,betweenthebatteryandthesaidmotor. Thepulse 
duration has increased since the potential diference, or driving force, has decreased, 
so the current drops proportionately. In addition, a further cause of the pulse duration 
increasingwouldbeanincreasedpowerrequestbyihe operator. Figure2C, 
flhjstrates astea<fy state situation inwhidx the ba(kElectro-Moti^ Force generated 
30 t^theinotorspeedforlherreducesthevoltagedifteentialinlhemotor^ 
provided to all motors 100% of the time at reduced voltage difference. 

[ 24.] Figure 3 iUustrates asample femify of Constant Power Curves. At a grven 
power level requested by the operator, there is a hi^ initial average current flow to 
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the motor siace the Back EMF geaerated by the motor is low when the speed is low. 
As the motor speed increases, the Back BMP gmerated hy the motor increases which 
reduces flie voltage diflference between the battay source and the motor, which 
results in a reduced current flow to the motor. Constant power to the motor is ^pKed 
5 since the current flow drops proportionately to match the increased motor voltage. 

[ 25.] In operation, the PLC detemmes the power requirement for each motor at each 
time interval based on inputs from the input device 14, ramping 32, derate evahiation 
logic 28 and detection scaling 30. Based on such inputs the PLC 34 calculates the 

10 necessary pulse width for each motor. The selected pulse widths are thm provided to 
the switdi drives which sequentialfy provide the desired pulse widths of power to the 
DC motors 12. When the locomotive is starting for example, a high voltage 
difference exists between the battery and the motor so a high current can be appKed to 
the motor, which only requires a short pulse duration to meet the power requiremrat 

15 specified This makes available the fidl supply voltage for starting in either direction. 
As the motor speed increases, a back voltage is created which reduces the effective 
voltage or voltage difference between the battery and the motor, thus necessitating a 
longer pulse to achieve the same power. If wheel slippage is detected, power can be 
shut off or reduced ^propriately to the relevant motor. 

20 

( 26.] Thus the invention provides the sequ«acing of the control of power to the DC 
motors. By sequencing the power pulses, the high current pulses for the individual 
traction motors are spaced and do not overlap until the current requirements nmderate 
as the motor speed increases with the corresponding decreased voltage differential 
25 between the power source and the traction motor. This spacing of the currCTt pulses 
results in individual instantaneous curroit requirements fliat are not addithre. This 
independence of individual current requirements has the positive effect of minimizi ng 
the inpiA filter requirements. Thus, with a minirmim amount of capacitors, low 
source itr5)edance is achieved, which is in^xjrtant to the operation of the drive. 

30 

[ 27.] A fiirther benefit of the invention, derived from the flexibility of individually 
controlling power to a plurality of DC motors, is an efficient and effective approach 
to correcting wheel slip in a rail locomotive application. The sinq)lified circuit 
affords a straightforward means of smoothfy removing and then restoring powCT to a 
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10 



sHpping wheel while niamtaininglliepre-s^ 

expertendngsKp. Ihis has the advantage of greatly reducing the power reductions 
typicalty eaperiaiced with iacideaats of wheel sBp. 

[ 28.] Thus Ihe present invention provides a system to individually cut the power and 
then gradually restore the power to any particular motor, while maintaining constant 
powertoflieretnaiiiinginotorH. It provides a control system to limit the current 
dravrafiomthe power source as wefl as the individual currents drawn by each of the 
motors. 



[ 29.] As willbe apparent to those skilled in the art ia the Kght of the foregoing 
disclosure, many alterations and modifications are possible in the practice of this 
invention without departing from Ihe spirit or scope tiiereof Accordingly, the scope 
ofihe invention is to be construed in accordance with the substance defined by tiie 

IS Mowing daims. 
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WHAT IS CLAIMED IS: 

1 . A method of controlling power provided from a power source to a plurality of 
direct current traction motors providing an iadividual chopper circuit for each 
traction motor. 

5 

2. A method of controlling power provided from a direct cunent power source to a 
plurality of direct current traction motors comprising: . 

a) determining the power requirement for each motor at each of a nurriber of 
successive time intervals; 
10 b) determining the necessary effective voltage and pulse width to achieve the 

desired powei* for each motor; 
c) sequentially pulsing power to each said motor for a duration necessary to 
achieve said power requirement at said time interval 

15 3. The method of claim 2 wherein said sequential power pulses do not overlap until 
the motor speed has increased to a given level 

4. The method of claim 2 wherein power is cut and then restored to a first traction 
motor, while maintaining constant power to the remaining motors, to correct loss 

20 of traction on an individual motor. 

5. The method of claim 2 wherein over-current protection for each individually 
controlled direct current motor is provided. 

25 6. The method of claim 2 wherein power is also provided to all motors constantly at 
reduced voltage during selected intervals. 

7. Apparatus for controlling power provided from a direct current power source to a 
plurality of direct current traction motors comprising: 
30 a) means for determining the power requirement for each motor at each of a 

number of successive time intervals; 
b) means for determining the necessary voltage and pulse width to achieve the 
desired pow w for each motor; and 
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c) meaasforsequentiallypulsingpowtoeachsaidniDtorforadjuatfon 
accessary to achieve said power requirement at said time intervaL 



8. Theappaiatusofclaim7whereinsaidmeansforseqaentianypulsiagpowerto 
each said motor campnses a poise width modulatioii device. 

9. TheapparatusofdaimSwhereirisaidmeansforseqaentianypub^ 
each said motor coirprises a clock. 
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15 



10. The qjpaiatus of claim? wherein said means for sequentially pulsing power to 
each said motor comprises a phirahty of drive switches. 

11. The apparatus of daimTwherejasaidmeans for determining the power 
requirement for eachmotor at each of anumber of successive time intervals and 
said means for determining the necessary voltage and pulse width to achieve the 
desired power for eadi motor con^jriseaFOgrammablelogic controller. 



12. The apparatus of claim 7 wherein said means for determining the power 
requirement for eachmotor at each of anumber of successive time intervals 

20 con5>rises a throttle. 

13. The a?)paratus of claim? wherein said means for detennining the power 
requirement of the motors at each of anuniber of successive time intervals 
comprises apower source current sensing device and apower source voltage 

25 sensing device. 

14. m apparatus of claim 7 v^herein said means for determining Hie power 
requirement for eachmotor at each of a number of successive time intervals 
comprises a traction motor current sensing device. 

30 
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1 5. The apparatus of claim 7 wherein said means for determining the power 
requirement for each motor at each of a number of successive time intervals 
conr5)rises aranq)iag device. 

5 16. The ^aratus of claim 7 wherein said means fiat detenroning the power 

requirement for each motor at each of a nmriber of successive time intervals 
comprises a detection scaling device. 

17. The apparatus of claim 7 wherein said means for determining the power 

10 requirement for each motor at each of a nuniber of successive time intervals 
conqjrises a derate evaluation logic device. 

18. The apparatus of claim 10 wherein said drive switches are insulated gate bipolar 
transistors. 

15 

19. The apparatus of claim 10 further comprising latching circuit means adapted to 
interrapt the drive to said drive switch after said drive switch has Med to fiiUy 
saturate to thereby prevent operating into a short circuit. 
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